This study reports the baseline data of chlorination disinfection by-products such as trihalomethanes (THMs) and their associated health risks in the water distribution network of Islamabad and Rawalpindi, Pakistan. THM monitoring was carried out at 30 different sampling sites across the twin cities for 6 months. The average concentration of total trihalomethanes (TTHMs) and chloroform ranged between 575 and 595 μg/L which exceeded the permissible US (80 μg/L) and EU (100 μg/L) limits. Chloroform was one of the major contributors to the TTHMs concentration (>85%). The occurrence of THMs was found in the following order: chloroform, bromodichloromethane > dibromochloromethane > bromoform. Lifetime cancer risk assessment of THMs for both males and females was carried out using prediction models via different exposure routes (ingestion, inhalation, and dermal). Total lifetime cancer risk assessment for different exposure routes (ingestion, inhalation, and skin) was carried out. The highest cancer risk expected from THMs seems to be from the inhalation route followed by ingestion and dermal contacts. The average lifetime cancer risk for males and females was found to be 0.51 × 10 À3 and 1.22 × 10
INTRODUCTION
The availability of clean and safe drinking water is one of the major concerns in developing countries. Intake of poor quality drinking water may lead to several health risks to the community, and eventually, it affects the magnitude of the healthcare budget. Thus, it is important to appropriately manage and treat drinking water for the benefit of society.
Contaminated drinking water is a major carrier of disease causing organisms; these pathogenic organisms may pose a serious threat to human health (Ashbolt ; Duke et al. ).
Currently, almost one-half of the population of Pakistan has no or little access to potable drinking water (PCRWR ), whereas only one-quarter of the whole population has access to clean drinking water in Pakistan (Hashmi et al. ) . Approximately 70% of Pakistan's surface and sub-surface water supply sources are not appropriate for drinking due to significant organic, inorganic, and biological contamination (PCRWR ; Baig et al. This study aims at the monitoring of THMs in drinking water supplies in the twin cities of Rawalpindi and Islamabad, and to predict cancer and non-cancer risk associated with THMs via three different routes using different models.
MATERIALS AND METHODS

Sampling area
Rawalpindi and Islamabad are known as twin cities of Pakistan with more than two million inhabitants. These cities are supplied with drinking water from Rawal Lake, Simly Dam, and Khanpur Dam after being treated in their respective water treatment plants. Simly Dam is the largest water reservoir with a total depth of approximately 2,300 ft (701 m).
Disinfection by chlorination is practiced at Simly, Khanpur, and Rawal Dam filtration plants as means of water disinfection, and treated water is supplied to the public via distribution networks. Surface water from these resources is filtered and then it is subjected to on-site chlorination (Hashmi et al. ) . This chlorination is carried out by non-technical staff based on their experience rather than exact calculations. The chlorinated water is, thus, supplied to the twin cities. Thirty sites were selected for sampling across the twin cities (Figure 1 ). Three replicate samples were collected from each of the 30 locations. The samples were taken directly from consumers' taps after letting the water run for several minutes before collecting the water in pre-cleaned glass containers with sodium thiosulfate (10 mg for 10 mL of sample) preservative to eliminate any residual chlorine (APHA ). Samples were collected in 40 mL vials. Vials were completely filled with the samples leaving no headspace, and were stored below 4 W C in a dark room for further analysis (Norin & Renberg ) .
All samples were analyzed within 14 days of collection for quality assurance. Much care is needed in sample collection. No air bubbles should pass through the sample as the bottle is filled, or be trapped in the sample when the bottle is sealed. Samples were collected from (1) underground storage tanks, (2) consumer taps, and (3) overhead reservoirs.
All the samples were collected in triplicate. Measurement of pH, temperature, and residual chlorine were carried out in the field as mentioned in Standard Methods for the Examination of Water and Wastewater (APHA ). Other measurements were done in the laboratory.
Water samples were collected from the main water supply systems and treatment plants. The pretreated water samples were collected in 1 L sterilized glass bottles. The glass bottles were cleaned and air dried in a hot oven at 100 W C for 30 minutes prior to use. After drying, the glassware was sealed and stored in a clean environment to prevent any accumulation of dust or other contaminants.
They were store inverted and capped with aluminum foil.
For THMs analysis, samples were collected in 40 mL clean glass vials. For head space solid phase micro-extraction (SPME) 25 mL of vial were filled with water and the remaining 15 mL was left for head space. For liquid SPME glass vials were fully filled with water.
Chemicals and standards
Chloroform (CHCl 3 ), bromodichloromethane (CHBrCl 2 ), dibromochloromethane (CHBr 2 Cl), and bromoform (CHBr 3 ) were purchased from Dr Ehrenstrofer (Germany).
Standard stock solution of individual THMs were prepared by mixing 10 μL of the standard analyte in 100 mL GCgrade methanol and stored in sealed glass bottles at 4 W C.
DBP analysis
THM concentration was measured with a gas chromatography/electron capture detector (GC/ECD) equipped with fused silica capillary column. Gas chromatographic analysis was performed using a Shimadzu 2010 series gas chromatograph coupled with ECD detector.
For sample extraction, the SPME technique using Supleco cat. No.57344-U manual solid-phase microextraction fiber assembly fitted with a 75 μm (Car PDMS) fiber was used.
The column used was fused silica capillary with a length of 30 cm, inner diameter 0.53 mm, thickness 0.88 μm and filling material of 5% diphenyl, 95% dimethyl-polysiloxane.
Fiber was first conditioned at 280 W C for 1 h before use. 
C air can be estimated as follows using the two-resistance theory (Little ):
The values of input parameters and cancer slope factors (CSF) are given in Table 1 .
RESULTS AND DISCUSSION
THMs analytes mixture BDCM and DBCM made a trivial contribution of 5-10%
and 0-5%, respectively. Bromoform had presented an almost insignificant contribution to TTC which was found to be consistent with other studies (Basu et al. ) . Chloroform was found to be the most common THMs in all drinking water samples followed by BDCM, DBCM, and bromoform. Chloroform and DBCM were found in all the samples thus presenting 100% occurrence frequency, whereas BDCM was detected in 90% samples. Bromoform was detected in only 10% of samples. The occurrence 
Cancer risk analysis of THMs through different routes
Cancer risk through oral ingestion had been calculated for both males and females. The lifetime cancer risk was estimated from all possible routes of exposure using
Equations (1-4) ( (Tables 3 and 4) respectively. Ingestion was found to be the most prominent exposure pathway which contributed 65-85% to total cancer followed by halation and dermal absorption. In this study, both BDCM and DBCM are found to be significant contributors to total cancer risk which is, to a certain extent, similar to the results obtained by Uyak (), who reported DBCM to be the principal component of total cancer risk through the oral route. Chloroform was found to be, if not the main, a significant contributor to cancer risk, but in one study it was found to be the lowest, which may be due to the predominance of Br-THMs over Cl À THMs in the studied water carried out by Basu et al.
(), which is contrary to this research.
Rawalpindi and Islamabad have a population of nearly three million people (Demographia ) with an assumed average age of 70 years. The lifetime cancer cases for both males and females, based on average TTHM risk (1.48 ×
10
À3
) and 3 million people, could be expected to be up to 254 cases. This scenario suggests that approximately three to four cases of cancer could be expected each year, and consequently the number of cancer cases among females being more than that of males according to this study.
According to this scenario we can make an assumption that one-third of the three million population lives in the target cities. We expect approximately 120 and 150 lifetime cancer cases among males and females.
CONCLUSION
The current study compared DBPs occurrence, formation, and their health risk among the male and female population in different parts of the twin cities. The statistics indicated that most of the samples were contaminated. The applied analytical method including SPME for sampling THMs from water and determination by GC-ECD was successfully applied.
The study of THMs from the distribution system of both municipalities revealed that the maximum concentration of TTHMs and chloroform was 575 μg/L and 595 μg/L, respectively, which is above the prescribed limit of USEPA drinking water quality standards of 80 and 70 μg/L.
Unfortunately, nearly 95% samples were contaminated with THMs. In such circumstances, where DBP values are narrowly approached or exceed the standard values, water authorities need to evaluate water treatment practices with a view to improving the elimination of organic contents of the water sources prior to disinfection as well as reducing water age in distribution systems. The average lifetime cancer risk for males and females was 0.51 × 10 À3 and 1.22 × 10 À3 , respectively. The expected number of cancer cases per year could reach two to three cases for each city. The highest risk from THMs seems to be from the inhalation route followed by ingestion and dermal contact.
